Utilization of organic templates for the synthesis of structure-and morphology-controlled solids is being researched extensively. Use of green templates provides advantages in the form of easy processability and less toxicity compared to conventional chemical templates, in addition to customizable mesoporous network structures in solids. In this regard, the present work aimed at assessing the influence of choline chloride-zinc chloride ionic liquid (IL) in controlling the crystallite characteristics and improving the surface properties of sol-gel derived nanotitania. Thermal, surface area, porosity, crystallinity, chemical composition, textural and morphological characterizations of the IL templated titania are described in the present work. XRD results showed that all IL templated titania samples possessed anatase structure.
Introduction
Semiconductor-mediated photocatalysis has been extensively studied and widely accepted as an effective treatment option for air and water pollution abatement. Titanium dioxide is the most preferred photocatalyst for the degradation of organic pollutants into harmless compounds, due to its advantages like nontoxicity, chemical stability, reusability and easy availability.
1-4
The perceived limitations of titania, such as low surface area, low porosity and very low visible light absorption capacity, are being constantly addressed by adopting suitable solid state synthetic techniques. The predominant procedures to improve the surface and optical properties of titania include, but are not limited to, template-assisted synthesis, 5 metal and non-metal doping, 6 dye sensitisation and coupling with other semiconductor oxide/ sulphide systems. 7 In general, imparting mesoporosity and large surface area has been found to enhance the photocatalytic degradation efficiency of titania. 8 Template-directed synthesis of titania oen leads to mesoporous networks with a wide range of pore sizes, well-dened morphologies with controlled crystallite size and high surface area. Template-mediated sol-gel synthesis of metal oxides has many advantages, such as mild chemical conditions, yield of highly pure products, room temperature preparation, and cost effectiveness in the production of materials with desirable surface and optical characteristics. While organic surfactants, dendrimers and polymers are used as so templates, voids of pre-formed mesoporous solids are used as hard templates, to synthesize mesoporous titania. Use of templates with low environmental impact provides advantages in the form of easy processability and less toxicity, in addition to customizable mesoporous network structures in solids. A number of materials, such as gelatin, gum, starch, rice straw, rubber latex, pollen grain, egg shell membrane, bamboo, yeast and chitosan, have been explored as greener alternatives to chemical templates. 9 Recently, ionic liquids (ILs) have garnered considerable attention as catalytic and template materials. 10 Their low melting point, high boiling point, low vapor pressure, and good thermal and chemical stabilities can promote the preparation of a new generation of chemical nanostructures possessing high porosity and crystallinity, through mild reaction pathways.
However, most of the imidazolium-based ILs are highly toxic, expensive to prepare and highly sensitive to water.
17,18
Replacement of the imidazolium-based ILs by an eco-friendly alternative will be of great signicance, as it will offer a greener synthetic route. From this viewpoint, choline chloridebased ILs, possessing desirable characteristics such as nontoxicity, water solubility, air and moisture stability and reusability, offer a great potential to be explored for the green synthesis of organic chemicals and inorganic solids. 19 Cooper Emily et al. 20 have used choline chloride/urea as a template to synthesize new porous zeo-type framework. Ge et al. 21 synthesized ower-like hierarchical BiOCl structures in the presence of a eutectic mixture of choline chloride and urea through a solvothermal process. Navneet kaur et al. 22 used choline chloride ionic salt as a structure-directing agent and source of nitrogen to prepare visibly active titania. Choline chloride being hygroscopic, changes into liquid state upon holding moisture at room temperature. By transforming choline chloride into IL form its physical state does not change. This makes the IL superior for handling as a template. Many templates will lose their identity upon calcination but IL offers the advantage of easy recoverability and reuse. Liana et al. 23 reported choline chloride-based IL-assisted titania synthesis using an electrochemical process. The reported study used choline chlorideethylene glycol and choline chloride-urea as synthesis medium and achieved anodically prepared titania with 8-18 nm crystallite size and 70 to 90 m 2 g À1 surface area.
In the present study, we have explored the efficiency of choline chloride-zinc chloride (ChCl$xZnCl 2 ) IL as a green template to synthesize highly crystalline mesoporous anatase nanotitania. Inuence of the IL template on the surface, optical and photocatalytic characteristics of titania has been investigated.
Experimental

Materials
Titanium tetraisopropoxide (TTIP) (99%) and 4-chlorophenol (4-CP) (98%) were obtained from Spectrochem. Acetic acid and isopropyl alcohol (99%) were purchased from Scientic Research Laboratories (SRL). Choline chloride (98%) was obtained from Alfa Aesar and zinc chloride was obtained from Merck. These chemicals were used as received without further purication. Double distilled water was used in all the experiments.
Preparation of IL ([ChCl][ZnCl 2 ] 2 )
Choline chloride-zinc chloride ionic liquid was synthesized by the preparation method reported by Duan et al. 17 Choline chloride was mixed with zinc chloride in a molar ratio of 1 : 1. The mixture was then heated to about 100 C with constant stirring to get a colourless liquid.
Preparation of titania catalysts
TTIP (9 mL) was added to isopropanol (60 mL) under vigorous stirring and the solution was stirred for 1 hour. In a separate beaker, various amounts of IL (1 to 3 mL) were mixed with 2% acetic acid (30 mL) under stirring for 30 min followed by the addition of distilled water to the solution. Hydrolysis and condensation reactions took place when the latter solution was added drop-by-drop to the former solution with continuous stirring for 2 hours to obtain a homogeneous colloidal sol. The resulting sol was kept for 12 hours of ageing to obtain a gel. The gel was then washed with ethyl acetate and water to remove ionic liquid template and the product was ltered and dried in an air oven at 100 C for two hours. The powder obtained was calcined at 500 C for two hours under air.
The product formed before washing with ethyl acetate and water was designated as ILT-A. The as-synthesized product obtained aer washing with ethyl acetate and water and drying was designated as ILT-B. The calcined IL templated titania photocatalysts obtained by adding 1, 2 and 3 mL of IL as mentioned above were designated as ILT-1, ILT-2 and ILT-3, respectively.
Characterization of synthesized catalysts
Powder X-ray diffraction analysis of the synthesized catalysts was conducted with an X-ray diffractometer (PANalytical X'pert Pro) using Cu Ka (l ¼ 0.154 nm) radiation to study the crystalline structure of the synthesized catalysts and their crystallite size. The diffractograms were recorded in 2q range between 10 and 80
. FT-IR measurements for synthesized samples were performed using a PerkinElmer spectrophotometer using the KBr pellet technique. The pellet was subjected to scanning in the range of 4000-400 cm
À1
. The morphology and chemical composition of the synthesized catalysts were observed by a scanning electron microscope (SEM) equipped with energy dispersive X-ray microanalysis (EDX) (Quanta 200 ESEM). UV diffuse reectance spectroscopy (Shimadzu UV 2450) was used to study absorption maximum of the synthesized samples, with BaSO 4 as a reference. Thermal stability and degradation temperature of the as-synthesized samples were analyzed using an SDT Q 600 US analyzer (ASTM E1131) at a heating rate of 20 C min À1 under nitrogen atmosphere. The thermal analysis was performed in the temperature range from room temperature to 1000 C using alumina as the reference material on platinum pans and calcium sulphate as a standard. A Quadrasorb station 2 instrument was used to determine the surface area, pore size and pore volume of the prepared titania samples. The study was carried out in nitrogen atmosphere at a bath temperature of 77.3 K. TEM measurement was carried out for the calcined catalysts using an FEI Tecnai G2 S-twin instrument with a UHR pole piece. TEM samples were prepared by the dropcasting method, in which catalyst samples in ethanol solution were dispersed on carbon-coated copper grids.
Photocatalytic reactions
The photocatalytic activities of prepared titania photocatalysts were examined through the degradation of 4-CP under UV light irradiation. The multi lamp Haber photo reactor used in the present study was tted with eight low pressure mercury lamps emitting at 365 nm with polished anodized aluminium reectors and black cover to prevent UV leakage. The intensity of incident light was measured using chemical ferrioxalate actinometry. 24 This technique allows the evaluation of the photon ux and its value is 3.987 mmol m À2 s À1 . The photonic efficiency was calculated as the ratio of the photocatalytic degradation rate and the intensity of the incident light. 25 In a typical reaction, 100 mL of known concentration of 4-CP was taken in a clear quartz tube and a weighed quantity of the titania sample was added to it. Aeration was effected using an air circulatory pump and the solution was kept in the dark for 30 minutes to establish adsorptiondesorption equilibrium. The solution was then exposed to UV light and aliquots of samples were withdrawn at regular intervals and centrifuged. A UV-visible spectrophotometer (Lambda 35, PerkinElmer) was used to measure the change in concentration of 4-CP by measuring the absorbance of the samples spectrophotometrically at the l max of 225 nm. The effects of reaction parameters such as catalyst dosage, initial concentration of 4-CP, pH and calcination temperature were optimized under UV light irradiation.
Results and discussion
Thermogravimetric analysis
Thermogravimetric analysis (TGA) of the as-synthesized ILT-B sample is shown in Fig. 1 . The weight loss of about 11.56% from 50 to 200 C was due to loss of volatile species like water, isopropanol and acetic acid. The 10.65% weight loss from 200 to 450 C was due to partial dehydroxylation of titanium hydroxide, amorphous carbon or carboxylate species. 26 The weight loss was negligible above 480 C. Degradation of template was not noticed in this study as it was removed in the washing process. Based on this TGA result, it can be concluded that IL was completely removed from titania by washing with ethyl acetate and water.
Fourier transform infrared (FT-IR) analysis
The FT-IR spectra of IL, ILT-A, ILT-B and ILT-2 are shown in Fig. 2 . The broad band around 500 to 900 cm À1 in the spectra of ILT-A, ILT-B and ILT-2 due to Ti-O stretching peak conrmed the formation of titania from the precursor. 27 In the FT-IR spectrum of IL, the peaks at 3424, 1630, 1470 and 1230 cm À1 were assigned to -OH stretch, chloride component stretch, -CH 2 bending and C-N stretching vibrations respectively. These peaks were also observed in the FT-IR spectrum of ILT-A (before washing with ethyl acetate and water) in addition to the peak at 720 cm À1 . For ILT-A, the peak due to OH stretching vibration (3424 cm À1 ) was shied to lower wavenumber (3420 cm À1 ) with a widening of the peak, compared to that of IL. This might have been due to the formation of a hydrogen bond between hydroxyl hydrogen of choline cation with the oxygen of titania. 28 In the FT-IR spectrum of ILT-B (aer washing with ethyl acetate and water and drying at 100 C), the peaks of CH 2 bending, C-N stretching, and chloride component stretching were absent, indicating the removal of IL from titania. This observation, in addition to the thermal behavior of ILT-B, further reiterated the fact that IL could be simply removed by washing with water and ethyl acetate.
18 The peaks at 3420 and 1629 cm À1 in the spectra of ILT-B and ILT-2 (calcined at 500 C) were due to the -OH stretching and 3.3 X-ray diffraction (XRD) analysis where D is the crystal size of the catalyst, K is a constant usually taken as 0.89, l is the wavelength of the X-ray radiation (0.154 nm), b is the full width at half maximum (FWHM) of the diffraction peak and q is the diffraction angle. The calculated crystallite sizes of synthesized samples are listed in Table 1 . Reduction in crystallite size of titania was noticed in all IL template samples, compared to non-templated titania. With an increase in the weight of the template, the diffraction peaks became broader, indicating that the crystallite size was reduced. Loss of crystallinity was noted in the case of ILT-3 sample, in which the peak intensities became weak and overlapped. ILT-1 and ILT-2 samples showed apparent peaks of anatase phase. The as-prepared sample ILT-B also showed anatase phase even without additional heat treatment, although it would possess low photocatalytic activity due to its amorphous nature. These results revealed that anatase phase titania with low crystallite size can be conveniently prepared using choline chloride-zinc chloride IL as a template. 
Surface properties of the synthesized catalysts
Surface area, pore size and pore volume values of the synthesized samples are listed in Table 1 increase in surface area compared to non-templated titania which was due to controlled aggregation of titania. Analysis of variance (ANOVA) F-statistics was used to establish the statistical differences in surface area among IL templated titania materials. There is a signicant difference between the surface area values of IL-templated titania at 1% level of signicance.
The nitrogen adsorption-desorption isotherms of ILT-1, ILT-2 and ILT-3 samples are shown in Fig. 4 . The isotherm patterns for all the prepared catalysts using IL exhibited type-IV nitrogen isotherms with hysteresis loops intermediate between types H1 and H2. This pattern is indicative of characteristic mesoporosity of solids, based on the IUPAC classication. 30 Broadening of desorption isotherm of the samples indicated the enhancement in the porosity 31 and all the templated samples possessed signicantly greater porosity, compared to the non-templated titania.
BJH pore size distribution curves of non-templated titania and IL templated titania are shown in Fig. 5A and B, respectively. Presence of uniform pores in ILT-2 and ILT-3 samples was conrmed by the narrow pore size distribution curves. Wide pore size distribution curves for ILT-1 and non-templated titania samples show the presence of non-uniform pores in them. Mesoporosity of all the IL templated titania samples was evident from their pore sizes which were in the range of 7-9 nm. Based on this study, it can be concluded that IL can be used as a template to achieve high-quality mesoporous nanotitania.
Scanning electron microscope and energy dispersive Xray microanalysis (SEM-EDAX)
SEM images of non-templated and IL templated titania are shown in Fig. 6(a)-(d) . Non-templated titania sample showed agglomeration of nanoparticles with irregular morphology. ILT-1 and ILT-3 showed spherical and slightly agglomerated nanoparticles. ILT-2 exhibited dispersed nanoparticles with controlled agglomeration. This result proved that addition of IL template inhibited the aggregation of nanoparticles. Chemical composition analysis of ILT-2 using EDX (Fig. 7) showed characteristic peaks of Ti element and oxygen. The intense peak at 4.5 keV was due to bulk titania and the less intense one at 4.9 keV was due to the surface titania. This analysis evidently showed only Ti and O elements to be present in the nal product. This observation was also consistent with the FT-IR and TGA results. Fig. 8(a) and (c) show TEM images of non-templated titania and ILT-2 sample respectively. Non-templated titania exhibited agglomerated particles whereas ILT-2 showed slightly agglomerated particles with disordered mesostructure. The particle size distribution of non-templated titania sample was in the range of 19-23 nm and that for ILT-2 was between 11 and 14 nm. This was in good agreement with the results of XRD and SEM analyses. This result evidenced that the presence of IL as template in titania preparation effectively controls the crystallite growth of the nanoparticles. Fig. 8(b) and (d) presents the SAED patterns of non-templated titania and ILT-2 with wellresolved lattice fringes establishing the crystalline nature of the samples.
Transmission electron microscope (TEM) analysis
Diffuse reectance UV-visible spectroscopy (DRS UV-Vis)
Fig . 9A shows DRS UV-Vis spectra of non-templated titania (a) and ILT-2 (b). Red shi of ILT-2, in spite of its smaller particle size compared to non-templated titania (19.1 nm), evidently proved the delocalisation of molecular orbitals in the conduction band edge causing a deep trap in electronic energy. 32 The optical bandgap energies of synthesized catalysts were calculated from the constructed Tauc plots [(F(R) Â hn) 1/2 vs. hn] and are shown in Fig. 9B . The optical band gap energy of ILT-2 was 3.18 eV corresponding to its absorption edge at 389 nm, whereas for non-templated titania, the band gap energy was 3.32 eV.
Photocatalytic activity
4-Chlorophenol has been selected as a model compound to evaluate the photocatalytic degradation efficiency of the synthesized photocatalysts under UV light irradiation. Various reaction parameters such as pH, catalyst dosage, reactant concentration and calcination temperature were optimized.
3.8.1 Effect of calcination temperature. ILT-2 titania samples calcined at different temperatures in the range of 500-800 C were tested for their photocatalytic activity in degrading 4-CP. It was observed that the efficiency of the catalyst calcined at 500 C was the best among the chosen samples (Fig. 10 ).
Effect of pH.
The effect of pH on the photocatalytic degradation of 4-CP was tested in the pH range of 3 to 9 and the results are shown in Fig. 11 . At pH values below neutral, the degradation efficiency of 4-CP was not found to be signicant. This might have been due to the fact that the surface of titania is positively charged and it carries protonic sites at lower pH. This positively charged titania could not provide hydroxyl groups for hydroxyl radical formation, hence leading to the decrease in the efficiency of photocatalytic degradation of 4-CP. In general, aqueous suspensions of titania at alkaline pH conditions provided higher amount of hydroxyl ions to react with the holes to form hydroxyl groups. This increased concentration of the primary oxidant species might have increased the degradation of 4-CP 33 at higher pH. At the optimal pH of 9, complete degradation of 4-CP occurred in 300 min.
3.8.3 Effect of catalyst dosage. Fig. 12 shows the effect of catalyst loading on the photocatalytic degradation of 4-CP. The degradation of 4-CP was maximum when the amount of catalyst was 2 g L À1 . At a higher loading of 3 g L À1 of the catalyst, the photodegradation efficiency decreased, presumably due to the turbidity of the suspension caused by the high catalytic dosage. In general, photocatalytic degradation efficiency is expected to increase with the amount of photocatalyst. 34 However, at higher catalyst loading above the optimum, light scattering and insufficient penetration of light intensity through the dense catalytic suspension resulted in less efficient degradation of 4-CP. Hence, a loading of 2 g L À1 of catalyst was found to be optimal for the degradation of 4-CP. The dependence of the rate of degradation of 4-CP on the concentration is described well by the Langmuir-Hinshelwood kinetic model (eqn (2)):
Neglecting KC as compared to 1 in the denominator, the above equation can be simplied to a pseudo rst-order equation:
where r is the rate of degradation (mmol min À1 ), C o is the initial concentration of the substrate (mmol L À1 ), C is the concentration of the substrate at time t (mmol L À1 ), t is the irradiation time (min), k is the reaction rate constant (min À1 ) and K is the adsorption coefficient of the substrate on the photocatalyst particles (L À1 mg). Plots of ln C o C versus time for different initial concentrations of 4-CP were found to be linear (Fig. 14) , conrming that the photocatalytic degradation of 4-CP obeyed pseudo rst-order kinetics. The rate constant values obtained from the slope of the plots decreased with increasing initial concentration of the substrate, suggesting that substrate concentration had a signicant effect on the photocatalytic degradation ability. The dependence of the photonic efficiency of 4-CP degradation on its initial concentration is shown in Fig. 15 . The photonic efficiency increased as the initial concentration of 4-CP increased up to 5 mmol L À1 . Theurich et al. 25 also reported a similar trend in the relationship between photonic efficiency and initial concentration of 4-CP.
3.8.5 Photocatalytic activity of IL templated titania. The photocatalytic activity of the prepared catalysts was compared with that of commercial Degussa P25 -Titania. A comparison of the photocatalytic degradation efficiency of synthesized IL templated titania photocatalysts and conventional titania is shown in Fig. 16 . The result showed that ILT-2 performed as a better photocatalyst compared to ILT-1 and ILT-3, in terms of the time taken for total degradation of the target molecule. This may have been due to the better mesoporosity and surface area of ILT-2 compared to the other two IL templated titania catalysts. Fig. 17 shows that the complete degradation of 4-CP using ILT-2 was attained at 4.5 h of irradiation.
Conclusion
The present study reported a green sol-gel synthesis route of mesoporous titania photocatalysts possessing an average particle size of 12-14 nm using choline chloride-zinc chloride IL as a template. XRD analysis proved the presence of pure anatase phase in all the synthesized catalysts and porosity measurements indicated the formation of mesoporous titania possessing pore size in the range 7-9 nm. Intermolecular hydrogen bonding and Lewis acid-base type interactions between the IL and titania could have facilitated the control of crystallite size during the growth of TiO 2 particles. The IL template was simply removed by washing with ethyl acetate and water, as evidenced from FT-IR and TGA studies. Among all the synthesized samples, ILT-2 exhibited the largest surface area of 75.1 m 2 g À1 , with a more than 28% increase in surface area compared to non-templated titania. As expected from its surface characteristics, ILT-2 exhibited markedly higher photocatalytic activity for the UV-light-mediated degradation of 4-chlorophenol, compared to the other IL templated titania, nontemplated titania and Degussa P25 systems. Excellent templating ability and ease of removal without heating make the choline chloride-zinc chloride ionic system a viable green alternative for the synthesis of highly crystalline mesoporous titania. ; volume, 100 mL). 
